Previous studies have described the topography of attention-related activation in retinotopic visual cortex for an attended target at one or a few locations within the subject's field of view. However a complete description for all locations in the visual field is lacking. In this human fMRI study, we describe the complete topography of attention-related cortical activation throughout the central 28°of the visual field and compare it with previous models. We cataloged separate fMRI-based maps of attentional topography in medial occipital visual cortex when subjects covertly attended to each target location in an array of three concentric rings of six targets each. We combined the attentional maps for each of the 18 target locations for each subject into a unique composite display to identify common principles of attentional organization for different target locations. Attentional activation was universally highest at the attended target but spread to other segments in a manner depending on eccentricity and/or target size. For targets scaled in size with eccentricity, the attentional effects spread circumferentially as a gradient whose full width at half maximum was consistently 1.5 times the target width at each eccentricity. For targets in the inner (1.8-8.5°) and middle (8.5-15.6°) rings, attention also tended to spread outward, radially to other segments. For targets in the outer ring (15.6-28°), the radial spread of attention was primarily inward to targets of the middle ring. We propose an ''attentional landscape" model that is more complex than a ''spotlight" or simple ''gradient" model but includes aspects of both. Finally, we asked subjects to secretly attend to one of the 18 targets without informing the investigator. We then show that it is possible to determine the target of attentional scrutiny from the pattern of brain activation alone with 100% accuracy. Together, these results provide a comprehensive, quantitative and behaviorally relevant account of the macroscopic cortical topography of visuospatial attention. We also show the pattern of attentional enhancement as it would appear distributed within the observer's field of view thereby permitting direct observation of a neurophysiological correlate of a purely mental phenomenon, the ''window of attention".
Introduction
Visual attention performs a spatially selective enhancement of task-relevant information and suppression of irrelevant information thereby acting as a gateway to our awareness for potentially significant locations, objects and events in the world around us (James, 1890) . This ubiquitous selection process, of which the observer is often unaware, has been compared to a ''spotlight" which selectively illuminates objects of interest for detailed scrutiny (Posner, Snyder, & Davidson, 1980) . Though the spotlight model is attractive in its simplicity, it fails to capture the complex topography of attentional selection throughout the field of view. Psychophysical data show that attentional enhancement is distributed as a gradient around the attended target with decreasing effects as distance increases (Downing & Pinker, 1985) . However, the data supporting the simple gradient model typically are based on a small number of tested locations and are averaged across multiple subjects thereby obscuring the true complexity of attention in individual observers and for different locations throughout the field of view.
Previous studies have begun to outline the neurophysiological basis of this attentional selection (Bisley & Goldberg, 2006; Buracas & Boynton, 2007; Bushnell, Goldberg, & Robinson, 1981; Corbetta & Shulman, 1998; Desimone & Duncan, 1995; Kastner & Pinsk, 2004; Kastner, Pinsk, De Weerd, Desimone, & Ungerleider, 1999; Liu, Larsson, & Carrasco, 2007; Martinez et al., 2001; Maunsell & Treue, 2006; Moran & Desimone, 1985; Motter, 1993; Reynolds & Chelazzi, 2004; Saenz, Buracas, & Boynton, 2002; Silver, Ress, & Heeger, 2006; Treue & Martinez Trujillo, 1999; Williford & Maunsell, 2006) . FMRI experiments with human subjects have shown that attention directed to a specific location 0042 or object results in enhancement of visual cortex activity at retinotopically mapped sites representing the location of the covertly attended target within the visual field (Brefczynski & DeYoe, 1999; Gandhi, Heeger, & Boynton, 1999; Somers, Dale, Seiffert, & Tootell, 1999) . However, a definitive test of the accuracy of this neurophysiological mechanism has not been performed previously. Here we report the results of such a test in which we used fMRI to catalog the attentional patterns in medial occipital cortex (V1/V2) for all potential target locations within a dartboard-like array of 18 segments extending 28°into the peripheral visual field. fMRI experiments with individual subjects confirm that attentional effects spread to areas surrounding an attended target but show that more remote locations can exhibit weak attentional effects as well (Brefczynski, Datta, Lewis, & DeYoe, 2009; Tootell et al., 1998) . While it is clear that the overall topography of attention varies with attended target location, a comprehensive account of these changes for all visual field locations has been lacking. We performed a combined analysis of the cataloged data from the previously mentioned experiment and used it to identify universal features of attentional topography for all visual field locations. Finally, in order to crosscheck the behavioral validity of the attentional topography, we performed a blind study in which the subjects covertly attended to a target which they selected in secret. We then used the fMRI brain activation to make predictions about the secretly attended target thereby providing a test of the behavioral relevance of the fMRI data.
Methods

Subjects
Four subjects (two male, two female) drawn from the population of Medical College of Wisconsin participated in this study. Informed consent was obtained from all the subjects in accordance with procedures and protocols approved by the Medical College of Wisconsin internal review committee.
fMRI data acquisition
Scanning was performed on a 1.5 Tesla or 3 Tesla General Electric ''Signa" scanner at the Medical College of Wisconsin. A customized RF/Gradient head coil and a gradient echo pulse sequence (TE = 40 ms, TR = 2 s, FA = 90°for 1.5 T and TE = 30 ms, TR = 2 s, FA = 77°for 3T) were used. Time series of 128 echo planar images were acquired with 3.75 Â 3.75 Â 4.0 mm resolution. Thirty one slices spanning the occipito-temporal cortex were collected in the axial plane. Anatomical images were obtained using a T1-weighted spoiled GRASS (gradient recalled at steady state) pulse sequence at a resolution of 256 Â 192 Â 1.1 mm. For the functional MRI scans, subjects used a custom-designed optical system to view a computer graphics stimulus array generated with a Cambridge instruments VSG video board driving a modified Sharp XG-2000U video projector. The optical system allowed a large field of view subtending 56°of visual angle (28°radius).
Attentional mapping
Visual stimulus
The stimulus array depicted in Fig. 1 , consisted of a counterphase flickering (6 Hz) dartboard-like array containing a small central segment surrounded by 18 segments arranged in three concentric circles. A white fixation marker was superimposed on the center of the display. The sizes and stripe periods of the segments were varied with eccentricity to roughly compensate for corresponding changes in cortical magnification factor and spatial acuity. The stimulus was displayed on a back-projection screen and viewed by the subject within the MRI scanner via custom-designed binocular optics with a 56°field of view. The radius of the central segment in the viewed image subtended 1.8°of visual angle. The segments of the inner, middle, and outer rings extended radially from 1.8°to 8.5°; 8.5°to 15.6°and 15.6°to 28°, respectively. The blue and orange stripe colors were selected to be approximately complementary and were adjusted to appear matched in relative brightness. Color differences were clearly evident even at the largest eccentricities. Mean luminance of the entire stimulus array was approximately 20 cd/m 2 and matched the luminance of the uniform gray screen filling the remainder of the display. Ambient light within the bore of the scanner was effectively zero and the stimulus array filled the circular aperture of the optics. Every 2 s, the colors and/or stripe orientations of all segments changed randomly. Statistically, all segments were indistinguishable with respect to the mean number of occurrences of each color/orientation combination. (Fig. 1) During fMRI, subjects were instructed to maintain fixation on the central marker throughout the entire scan. We verified fixation compliance outside the scanner using the identical stimulus/task and an optical eyetracker. During the scan, prearranged audio cues (''zero" or ''one") presented every 2 s via custom electrostatic headphones (Koss Inc.) instructed the subjects to covertly attend to either the center stimulus segment (cue 0) or a prearranged peripheral segment (cue 1). Cueing conditions were grouped into 6 s. blocks of either the 0 or 1 condition presented on three successive 2-s trials. Cue conditions were then randomized across blocks throughout each 276 s fMRI scan, which began with a 20s period of passive fixation. Typically, five fMRI scans were repeated and averaged to increase contrast-to-noise. During both cue conditions, the subject was required to press one of two buttons on every trial to indicate the color/orientation conjunction at the cued segment (Button A: blue-horizontal or orange-vertical versus Button B: blue-vertical or orange-horizontal). This feature conjunction task ensured that focal attention was engaged and directed toward the cued segment since the conjunction cannot be reported correctly if attention is directed elsewhere (Treisman, 1982) . Importantly, no visual aspect of the stimulus array could be used to uniquely identify the attended segment. In a single scan session, the subject was cued to attend to only one of the 18 segments. A total of 18 scan sessions were performed with each subject to catalog the attention-related activation for each of the 18 segments, thereby yielding a complete library of attentional patterns. In addition, separate scan sessions were performed in which the subjects randomly chose a target and covertly attended to it without informing the experimenter of the choice. After the scan session, subjects did not reveal the identity of the secretly attended segment until after all analysis of the fMRI data had been performed, thereby ensuring an unbiased prediction of the attended target.
Task
2.4. Retinotopic mapping 2.4.1. Stimuli
As outlined in Fig. 2a and b, conventional eccentricity mapping (DeYoe et al., 1996) was accomplished with a counterphase flickering (8 Hz), checkered annulus that slowly expanded from the center of gaze to 28°over a period of 40 s. The expansion steps, inner and outer diameter and check size were all scaled in proportion to the mean eccentricity of the annulus. To map visual field polar angle, a checkered hemifield slowly rotated about the center of gaze. Both annulus expansion and hemifield rotation sequences were repeated three times during each fMRI scan. Each stimulus evoked waves of activation that moved through the visual cortex, activating successive retinotopic positions at different times (temporal phases) relative to the beginning of the stimulus cycle. In this manner, the retinal position of the stimulus that optimally activated a cortical locus could be determined from the time delay of its fMRI response. Valid responses were identified using a modification of a standard temporal cross-correlation method (Bandettini, Jesmanowicz, Wong, & Hyde, 1993; Saad, DeYoe, & Ropella, 2003) . The modified algorithm efficiently identified the optimal temporal phase, crosscorrelation coefficient, and the magnitude of the response.
fMRI post processing
Raw fMRI data were converted to images using a custom reconstruction technique (Bandettini et al., 1993) . The resulting images were assembled into volumetric datasets and further processed using the AFNI analysis package (Cox, 1996) . Typically, individual images within the volumetric dataset were co-registered to reduce motion artifacts. As the experiments were semi-randomized blocked designs, the analysis consisted of a multiple regression analysis of the fMRI time series data with regressors including a mean and linear trend (nuisance variables) and the time sequences of the experimental conditions after convolution with a gamma function model of the hemodynamic response function. We used the linear scaling coefficients (AFNI LC o parameters) of the regression analysis with their corresponding F-statistics and p-values as a measure of fMRI amplitude for each experimental condition.
Region of analysis
Subsequent analyses were restricted to the set of voxels in medial occipital cortex corresponding to retinotopically defined visual areas V1/V2. This was accomplished by using the polar angle mapping data to identify the borders of V1 and V2 and then creating a digital, volumetric mask to encompass both regions. We pooled voxels from both visual areas in order to obtain a sufficiently large number of voxels distributed throughout the activated visual field for the subsequent attentional field map analysis (see below). In previous tests, we have not been able to identify any consistent differences between the attentional topography in V1 versus V2 for the attentional task used here (Brefczynski et al., 2009 ). All voxels inside the masked region were included for further analysis regardless of their attentional amplitude measure.
Attentional field maps
The construction of attentional field maps (AFMaps) is outlined in Fig. 2 . The AFMap is a computational back-projection of the cortical pattern of attention-related fMRI activation onto a diagram of the subject's field of view thereby permitting visualization of the topography of the ''attentional window" and the distribution of attentional effects throughout the visual field.
The temporal phase mapped, retinotopy data were used to identify the visual field location (Fig. 2a -eccentricity, Fig. 2b -polar angle) represented by each visually responsive voxel, thereby establishing the mapping relationship between the cortical pattern of activation and the subject's visual field. For each voxel, a symbol (circle) was placed at a retinotopically corresponding location on a schematic diagram of the visual field (Fig. 2d) . The diameter of the circle was scaled to a 70% confidence zone for the true retinotopic location based on a previous analysis of the experimental error of estimation in the temporal phase mapped retinotopic data (Saad, 1996) . However it must be noted that an assumption of the experimental design is that the mapped retinotopic fields are invariant under the conditions of this study, that is, the retinotopy is assumed to be the same during the field mapping and the attention mapping experiments. Having established a correspondence between voxels in the brain and corresponding points in the visual field, the attention experiment then provided a measure of the amplitude of attention-related modulation for each voxel. The amplitude of attentional modulation obtained from the regression analysis effectively represents the difference in the fMRI amplitude under the two attentional cueing conditions; 'cue 1 À cue 0'. This measure of the amplitude of attentional effects was then encoded by the color of each circle in the AFMap. The voxels with the highest attentional enhancement (cue 1 À cue 0 > 0) were colored yellow and red whereas voxels with a diminished response (cue 1 À cue 0 < 0) were colored blue. (Note that the AFMaps [and Contour Maps see below] are un-thresholded, so do not have a specific statistical cutoff which we believe can potentially distort the spatial pattern of low level signals.) The resulting AFMap then showed the distribution of attention-related cortical effects as they would appear projected onto the subject's field of view.
Contour maps
In order to facilitate the statistical analysis of attention-related effects associated with different segments of the target array, we identified sets of voxels that represented each segment. These sets were then defined as separate regions of interest (ROI's). Each ROI included all circle symbols whose centers fell within the given segment on the AFMap. We then pooled responses of all voxels representing each segment of the display and computed their mean, thereby producing 18 data-points representing the average attentional modulation associated with each segment of the target array. These 18 data-points were then used for all subsequent statistical analyses. To display these data in a format similar to the AFMap, we again coded the magnitude of the attentional modulation by different colors and interpolated the attentional topography between those data-points by fitting them to a smooth surface (Fig. 2e) . To distinguish them from AFMaps, we refer to them as Contour Maps. These maps provide a smooth but physiologically plausible view of the attentional topography. However, the interpolated maps were used only for display purposes. All quantitative analyses were performed on the original 18 datapoints. Fig. 3 shows the 18 patterns of attention-related brain activation for a single subject (subject 1) for all 18 possible attended locations. Each column of the library has four figures. The top figure is a single frame of the stimulus. Overlaid on the stimulus pattern are three red borders identifying the three cued segments (one each in inner, middle and outer rings) attended in three separate scan sessions. The remaining three figures in each column show the attentional patterns generated when attending to the indicated segments in the inner, middle and outer rings respectively. Each column displays the patterns for a different set of three attended targets. For all 18 attentional patterns, the fMRI modulation is the highest at the attended target location (yellow hotspot). However, significant attentional effects can be seen in some non-attended segments, typically those near the attended target but sometimes at more remote locations as well (e.g. upper pattern in first column of Fig. 3) . Overall, patterns corresponding to the segments of the middle ring tend to be the most consistent in terms of size and shape. That is, the patterns for each of the six middle ring segments look relatively similar to each other except that they are rotated according to the position of the attended target. Perusal of all 18 patterns suggests that target segments in the outer ring show more diffuse activation than those corresponding to the inner and middle ring segments.
Results of landscape experiment
To further highlight the organizational principles apparent in these data, we combined all patterns in the library of Fig. 3 and recast them into a single composite diagram shown in Fig. 4 for subject 1. We created similar composite diagrams for subjects 2-4 and an average composite diagram for all four subjects (Fig. 5) . In (Figs.  4 and 5) , the number on the X-axis indicates a specific target segment to which the subject attended (see numbered segment diagram). The vertical column above a given point on the X-axis then shows the resulting pattern of attention-related brain activation for all 18 segment locations within the visual field. In other words, each vertical column reproduces the pattern of activity shown in one of the ROI maps of Fig. 3 . The amplitude of attentional modulation is indicated by the same color code as in Fig. 3 . The major yellow diagonal shows that for any attended segment, the highest magnitude of attentional modulation was at the attended segment. For example, when the subject was cued to attend to segment 10 (10 on the X-axis), the observed pattern of fMRI activation in the column above shows that the largest attentional enhancement was indeed associated with segment 10 (read from the Y-axis). If a conservative threshold was applied to this diagram, it would show that the yellow diagonal simply indicates that the strongest attentional modulation is invariably associated with the attended target segment. This is consistent with a spotlight theory of spatial attention. However, Fig. 4 also shows that that there are other regions of the visual field with significant attentional modulation, though typically not as strong as at the attended location. Activation of non-attended segments radially at the same clock angle as the target, produces modulation contours parallel to the main diagonal (indicated by thin, dotted lines in upper left of Figs. 4 and 5). These diagonals indicate that attention to inner or middle segments produces modulation that tends to spread outwards along the same radius. The intervening blue diagonals (Figs. 4 and 5 upper left) indicate a mild suppression of peripheral targets in the remainder of the field. However, when attention is directed to segments of the outer ring (#13-18), diffuse activation spreads to other segments at the same eccentricity and inward to segments of the middle ring (large area of activation at right of Figs. 4 and 5). The blue patch at lower right of Figs. 4 and 5 is an area of apparent suppression or, alternately, dis-activation associated with the inner ring when attending to segments in the middle and outer rings. In part, this may reflect the design of the attentional task. Within each fMRI scan, the subject was randomly cued to attend to either the central segment located at the fixation point or to one of the peripheral segments. Epochs in which the subject attended to the central segment were used as the reference condition against which attentional activation at other segments was assessed. However, this assumes that attention to the central segment does not spread appreciably to other segments. If nearby segments of the inner ring were slightly activated by attention directed to the central segment, then shifting attention to a segment in the middle or outer rings may have removed this influence, thereby resulting in an apparent reduction of activity for the inner ring. Thus the lower right blue zone may reflect either such 'dis-activation' or true suppression, or some combination of the two. (Since fMRI always reflects a contrast between two or more conditions and since there is no reliable ''zero attention" condition, baseline effects may be difficult or impossible to eliminate completely.)
The main features of attentional topography evident in Fig. 4 for a single subject are also seen in the average pattern for all four subjects illustrated in Fig. 5 . The less prominent ''diagonal" activation in Fig. 5 , reflects averaging of inter-subject variations in the local details of the attentional topography. Such variations can be consistent for a given individual and have been described in detail in a separate study by Brefczynski et al. (2009) . However, one concern is that individual variations might reflect poor control of attention as might occur if the task was too easy. We analyzed performance for a subset of data from 38 fMRI scans involving 2394 task trials and found that the accuracy for detection of the color/orientation conjunction at the attended segment ranged from 79% to 100% correct with a mean of 94% correct. This indicates that the task was sufficiently challenging that performance was typically less than perfect but not so challenging as to cause severely degraded performance. (In the separate study by Brefczynski et al. (2009) , we also tested a slightly modified version of the task that resembled a rapid serial visual presentation (RSVP) paradigm that may require more stringent attentional control. However, we found no systematic difference in the observed attentional patterns with the RSVP paradigm.) The present results thus confirm our earlier finding that attentional topography reflects the combination of both a common pattern across individuals plus consistent idiosyncratic variations.
Both the individual and group composite diagrams of Figs. 4 and 5 indicate that attentional effects spread to segments adjacent to the attended target. Since this effect may be theoretically interesting, we examined it in more detail. Fig. 6 illustrates the results of a quantitative analysis of the spread of attentional modulation at different eccentricities corresponding to the three rings of the target array. The three graphs illustrate the circumferential spread within the inner (blue), middle (red) and outer (yellow) rings respectively. Each graph represents an average of the contour maps for each of the six attended target locations within a ring but after rotating each contour map to co-register their respective attended target locations. Thus in Fig. 6 , the X-axis represents ordinal target location within each ring relative to the cued segment (0). The ±1 locations are the circumferentially adjacent segments and the #3 location is the segment directly opposite the attended target. The Y-axis represents the mean attentional modulation normalized to the modulation at the attended target. The graphs for the different rings are not appreciably different when viewed in this manner, which effectively compensates for the scaling of actual target size versus eccentricity. To further quantify the spread of activation, we calculated the Full Width at Half Maximum (FWHM) for the three graphs in Fig. 6 . The FWHM values were not significantly different in terms of relative target spacing (and size) within each ring. However, this means that FWHM as expressed in terms of visual angle within the field of view scales in proportion to eccentricity with a scale factor of 1.52 as indicated in the table at the right of Fig. 6 . This finding is in agreement with a separate study by Brefczynski et al. (2009) using a different methodology to compute dispersion. They also found that attentional spread scaled approximately linearly with eccentricity (though the measure of spread used in that study must be multiplied by 2Â to be analogous to the FWHM measure used here).
A concern for these dispersion measurements is the potential effect of ''blurring" of the underlying neural activation by the BOLD hemodynamic mechanism or by eye movements. In the Brefczynski study mentioned above (Brefczynski et al., 2009) , the pattern of attentional effects for the same task used here was compared with the pattern of activation evoked by the attended target itself presented in isolation with attention directed to a task at the fixation point. In such case, the attentional pattern was virtually al- Fig. 6 . Dispersion analysis -spread of attentional modulation at different eccentricities. Top row: red outlines on target array highlight three attended targets within the outer, middle and inner rings. At right are corresponding attentional patterns. Graphs: circumferential spread of attentional modulation relative to the attended target for outer (yellow), middle (red) and inner (blue) rings. Each graph is the mean for all six targets within a ring after co-registering the individual distributions relative to the attended target. X-axis shows circumferential target position relative to the attended target. Y-axis shows mean fMRI modulation as proportion of amplitude for the attended target. Error bars indicate ±standard error of the mean. Spread of attention as measured by the full width at half maximum (FWHM) is not significantly different for targets at different eccentricities when expressed in terms of relative target position (FWHM outer -1.50; middle -1.30; inner -1.45), but does vary directly with eccentricity when expressed as absolute visual angle (see Table at right). Table: absolute spread within the field of view (in visual angle) scales directly in proportion to the eccentricity of the target ring, so that FWHM's expressed as visual angle scale directly as 1.52Â eccentricity with a Pearson R 2 of 0.99.
ways more diffuse than the stimulus evoked pattern. This cannot be accounted for by hemodynamic blur which would be expected to affect both patterns roughly equivalently. Similarly, random eye movements would be expected to affect both patterns equivalently. Eye movements that increased or were biased during attention directed to a peripheral target might artifactually broaden the attentional spread but our eye movement recordings showed no evidence for such an effect.
Discussion of landscape experiment
Overall, our results unify several seemingly discordant accounts of spatial attention. First, it is clear that the spotlight metaphor (Posner et al., 1980) captures only the most salient feature of the attentional topography (yellow diagonal in Figs. 4 and 5) . The more subtle modulations evident as the additional diagonals suggest a gradient of attention (Downing, 1985) but this gradient varies significantly across the field of view. The gradient can extend outward as well as inward from the attended segment depending on its eccentricity. However, scaling of the attentional effects in proportion to eccentricity suggests that the focus of attentional modulation in the cortex may be approximately constant in size, at least for targets that also scale in size with eccentricity such as those used here. These results do not rule out the possibility that the attentional window could scale less rapidly with eccentricity if the targets were smaller. However, psychophysical studies have also noted a scaling of the ''crowding limit" directly in proportion to eccentricity and this has been attributed by some authors to the resolution limit of spatial attention (Intriligator & Cavanagh, 2001; Toet & Levi, 1992) . These latter studies have noted that the ability to resolve multiple, closely spaced targets (more than 2) appears to be limited by a process that scales directly in proportion to eccentricity and that has a resolution limit that is 10-20 times worse than visual acuity at each eccentricity (Intriligator & Cavanagh, 2001 ). However, the spacing and size of targets at the crowding limit reported in the literature are themselves about 10Â smaller than the FWHM of the attentional effects observed in this study under non-crowded conditions. It remains to be determined if the spatial characteristics of attention-related cortical modulation that we can observe with fMRI can account for the limits of attentional resolution under crowding conditions or if crowding is caused by other processes unrelated to attention (Freeman & Pelli, 2007; Pelli, 2008) .
Results of predictive experiment
Though the overall spatial features of attention-related cortical activation appear to parallel some features of psychophysical models of attention, it must be remembered that these cortical patterns provide a measure of neuronal activity as rendered by the BOLD fMRI mechanism. As such they are not necessarily related to behavior in a straight-forward manner. So, to provide an overall test of their behavioral validity, we attempted to ''read" the location of a secretly attended target directly from the fMRI data. We obtained additional ''test" fMRI scans in which subjects secretly attended to a target of their own choosing. We then attempted to identify the secretly attended target from the ''test" contour maps using two different analyses:
First, a ''test" contour map was directly examined to determine the segment with the highest attentional modulation. We used this as a prediction of the secretly attended target (the yellow hotspot in Fig. 3 ''Test" panel). We then compared this prediction with the true target location that had been secretly recorded by the subject. In 14 instances across three subjects, the prediction was 100% accurate. Thus under the conditions of this experiment, the covertly attended segment could be decoded directly from the brain activity pattern.
In the second analysis, we wanted to determine if the secretly attended target could be deciphered by quantifying the similarity between the complete test pattern and each of the library patterns using spatial cross-correlation as an index (Haxby et al., 2001 ). In each case, the test pattern correlated most strongly with one of the patterns in the library thereby identifying the attended target. This is illustrated in Fig. 3 where the test pattern correlated best with the library pattern outlined with a white circle. This method was 87% accurate for all the different test patterns across all three subjects. Although 87% accuracy was not statistically different from 100% accuracy, it does suggest that some random, day-today variation in the attentional patterns at non-attended segment locations may moderately degrade the match between test pattern and the library whose data patterns were typically recorded over a period of 8-24 weeks. To specifically test the contribution of the non-attended segments, we repeated the cross-correlation analysis using an approach similar to that used by Haxby et al. (2001) in which we removed the data-points for the target (''hot spots") from all the activity patterns, both test and library. The results showed that even in the absence of the ''hot spots", the predictability was 75% accurate across the three subjects, far better than chance (5.6%; one target in 18). This shows that the topography of attention-related fMRI activation in occipital cortex is reliably associated with attentional behavior and that the pattern of activation at segments outside the attended target also carries reliable information about the attended site. In other words, attention is modulating visual processing in a spatially specific manner throughout a much larger extent of the visual field than that associated with just the attended target itself.
Discussion of predictive experiment
Decoding neural activity patterns associated with sensation and perception in humans has been the focus of a number of studies since it was first demonstrated convincingly by Haxby and coworkers (Liu et al., 2007; Haxby et al., 2001; Brouwer & van Ee, 2007; Buracas, Fine, & Boynton, 2005; Carlson, Schrater, & He, 2003; Cox & Savoy, 2003; Haynes & Rees, 2005; Haynes et al., 2007; Ishai, Ungerleider, Martin, Schouten, & Haxby, 1999; Kamitani & Tong, 2005 Kay, Naselaris, Prenger, & Gallant, 2008; Norman, Polyn, Detre, & Haxby, 2006; O'Toole et al., 2005; Pietrini et al., 2004; Pouget, Dayan, & Zemel, 2000; Williams, Dang, & Kanwisher, 2007; Yamashita, Sato, Yoshioka, Tong, & Kamitani, 2008) . Of particular interest are several studies that have demonstrated the ability to determine which of two simultaneously presented stimuli are being attended (Kamitani & Tong, 2005 or even which of two tasks a subject covertly intends to perform (Haynes et al., 2007) . However, Buracas et al. (2005) ; Serences & Boynton (2007) and Williams et al. (2007) point out that a variety of cortical areas may contain information about a given stimulus dimension, but that only select areas (potentially one) may actually determine the observer's performance. Thus, the present study demonstrates that visual areas V1/V2 contain sufficient information to decode the location of the observer's covert focus of attention but this does not establish that it is the site that necessarily determines the observer's performance.
Conclusions
Our results provide a unique picture of the topography of cortical attention as it would appear to the observer if it was directly visible within their field of view. This is all the more remarkable in that the visualization of these effects allows us to objectively ''see" the window of attention which is, after all, a purely mental phenomenon. Though the objective study of the physiological basis of purely cognitive phenomena is now beginning to be common (Haxby et al., 2001; Haynes et al., 2007; Serences & Boynton, 2007) , it bears noting that such studies are the hallmark of a new era of brain/mind study that stands in stark contrast to the philosophy of the behaviorist era in which it was believed that such internal phenomena were inaccessible to direct scientific analysis and, so, were irrelevant. This study also provides a more comprehensive account of the spatial topography of attention-related cortical modulation than has been available previously. We show that the effects of attention extend beyond the retinotopic representation of the attended segment in a topographically specific manner that is unique for each target location so that the attended target can be decoded without prior knowledge by analyzing the brain activity patterns alone. The resulting Landscape model ties together several disparate characteristics of earlier models to yield a more dynamic and complex picture of attentional selection throughout the visual field. It suggests that attention is actively modulating visual processing throughout the field of view, not just in the local vicinity of the target and that this modulation is tailored as a function of target location. Moreover, these results help establish a neurophysiological account of a number of psychophysical observations and provide a neurophysiological substrate for testing theories of visual attention.
